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Abstract

It is important to develop robust hydrody-
namic models for predicting power output
from proposed tidal turbine farms. Such mod-
els will allow for optimizing farm layout, es-
timating annual energy production, and pre-
dicting the temporal variation of generation.
A key challenge for such models is to pre-
dict the reduction in turbine power due to
wake shadowing,! which depends on the dis-
tance between turbines, and the wake recov-
ery rate. Standard turbulence models over-
predict the wake recovery rate, and therefore
under-predict the influence of wake shadowing
on power.

This paper proposes to alter standard turbu-
lence models in two ways. The first is to limit
the eddy-viscosity in close proximity to the
turbine rotor to reduce the initial mixing rate.
The second is to add a source of turbulent ki-
netic energy in the near-wake to compensate
for the fact that the actuator disk approach
does not resolve the discrete vortices trailed
from the rotor (e.g. tip vortices), therefore
under-predicting the generation of turbulence
that occurrs when the vortices break-down.
Comparing to two lab-scale experiments, these
modifications showed significant improvement
in predicting the wake recovery downstream of
single turbines, and small arrays.
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lwhen a turbine’s wake reduces the flow entering another
turbine

Curran Crawford?

1 Introduction

For computational fluid dynmics (CFD) simulations
of large tidal farms, it is not computationally fea-
sible to explicitly resolve each rotor, and the influ-
ence of each rotor on the flow is often represented
by adding momentum source terms to the governing
equations. A common implementation of this stretegy
is the actuator-disc (AD) approach (e.g. [1-3]) which
applies time-averaged forces from the turbine blades
over the entire rotor swept area. For turbine farm sim-
ulations the AD approach strikes a reasonable balance
between accuracy and computational expense.

The AD method is well established and predicts
turbine performance with high accuracy for isolated
rotors [4]. However when used with standard turbu-
lence models (k- or k-w), it does not predict wake
recovery accurately[5—14]. This arises due to an over
estimation of the turbulent eddy viscosity in the high-
shear flow within the actuator disk and near wake,
which results in overly fast mixing of the wake. Ad-
ditionally, the manner in which the AD averages the
blade forces prevents it from resolving the discrete
vortices trailed from the blades (tip vortices). The
tip vortices decay into small scale turbulence as they
advect downstream, but the AD approach does not
capture this source of turbulent kinetic energy [15].
Despite these shortcomings, the AD is the most ap-
propriate approach for turbine farm simulations due
to its low cost and relative ease of implementation
compared to fully resolving the rotor geometry or ac-
tuator line methods [16].

It is proposed herein that accurate wake simulations
can be achieved by modifying standard turbulence
models in two fundamental ways. The first is to limit
the eddy-viscosity in close proximity to the turbine
rotor to reduce the initial mixing rate, and the sec-
ond is to add a source of turbulent kinetic energy in
the near-wake to capture the generation of turbulence
from vortex break-down.

In the context of wind turbine simulation, there
have been several modifications proposed to reduce
the eddy-viscosity (u¢) in the near wake. El Kasmi
and Masson [6] reduced g in the k-¢ model by in-
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troducing a source of € in a region surrounding the
rotor. Later, Rados et al. [8] adapted El Kasmi and
Masson’s correction for use in Wilcox’s k-w model.
Réthoré et al. [9] and Réthoré [10] tested two eddy-
viscosity limiter functions for adverse pressure gra-
dients, and realizability constraints; and a model
adapted from forest canopy modelling. Réthoré crit-
icized El Kasmi’s model for producing an unphysical
increase in € near the rotor, which persisted down-
stream. Recently, Van der Laan et al. [14] also tested
an approach which limits p; in regions of high strain
rate, with promising results for a variety of wind
farms. In the context of tidal turbines, Roc et. al. [12]
implemented a model combining aspects of El Kasmi
and Masson’s correction, and Réthoré’s adapted for-
est canopy model, showing improved agreement with
porous disk experiments. Later, Shives and Crawford
tested a pu; limiter function based on the transport
of Reynolds shear stress (the SST limiter of Menter
[17]), showing improved agreement with scaled rotor
experiments.

The concept of introducing turbulent kinetic energy
into the near wake to account for vortex breakdown
is relatively new, and was only recently introduced,
by Shives and Crawford [15], who presented a simple
modelling approach which augments the production
term in the transport equation for k, improving sim-
ulation results significantly.? However, in that work
the production augmentation terms required tuning
for each case analyzed. Clearly, a generalized model
is necessary for robust modelling of turbine farms,
which is the focus of this paper.

The present study provides a tuning-free model for
augmenting the production of k, which has been de-
veloped using data from two different experimental
studies [18-20], and [21, 22] and flows with three lev-
els of turbulence intensity (3% 10% and 15%). The
resulting model was validated using a different set of
experiments [21, 22], which involved two rotors in a
tandem configuration, with the rotors separated by
4 to 6 diameters, and both 3% and 15% free stream
turbulence intensity. The validation cases showed a
very good match to the available experimental mea-
surements of the wake recovery.

2 Validation Cases

This paper presents validation studies which compare
simulation results to two different experiments. The

2Réthoré’s adapted forest canopy model also introduced a
source of k; but this was added at the rotor location rather
than in the near wake, and was not associated with the vortex
breakdown.
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experiments measured the turbine thrust, torque and
rotational speed, as well as instantaneous velocity (u;,
1=1,2,3) along many transects downstream of the ro-
tors. The simulations were setup to match the rotor
thrust, torque and speed; while allowing the wake to
develop. The quality of the simulations was assessed
by comparing predictions of the mean streamwise ve-
locity (@) and turbulent kinetic energy (k) to the
available data. Turbulent kinetic energy is defined
as;
l——

k= Uil (1)
where the tensor notation convention of summation
over repeated indices is used. In this paper, k is nor-
malized with respect to the mean freestream velocity;

k
=Y 2)
U

wWin

where ug is the nominal ‘freestream’ velocity, typically
measured at hub-height when the turbine is absent
from the flow (or taken upstream of the turbine). I is
referred to as the turbulence intensity and is typically
expressed as a percentage.

2.1 Side-by-side rotors

The first dataset was collected by Stallard et al. [18—
20], and involved several configurations of rotors with
diameter D=27 cm. Herein, results are presented for
the case with three rotors in a side-by-side arrange-
ment (1.5D centre-to-centre spacing). The experi-
ments were done in the University of Manchester wide
flume, with a test section which is 5m wide by 45 cm
deep by 12m long. The rotor(s) was located 6m
downstream of the test section inlet. Each rotor was
coupled to a dynamometer for measuring torque, and
the rotor/nacelle assembly was supported by a 15 mm
diameter tower which was strain gauged for measuring
thrust.

The experiments were done at 1/70 scale, bring-
ing into question their scalability to full-size ro-
tors. In experiments with similar turbulence in-
tensity, Chamorro et al. [23] identified that ro-
tor wake velocity profiles became Reynolds indepen-
dent above Req~24.8x10%, and higher-order turbulent
statistics above Req~9.3x10%. In Stallard’s data-set,
the Reynolds number was approximately 1.2x10°, so
the experimental results should be applicable to full-
scale rotors.

Measurements of the 3 components of velocity were
taken at 200 Hz using Vectrino+ acoustic doppler ve-
locimeter (ADV) probes, allowing the calculation of
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Figure 1: Vertical profile of the ambient u at the rotor
location. Experimental data are shown for lateral
positions spanning +5D (£1.35m) from the flume
centreline.

Reynolds-averaged velocities and turbulence statis-
tics. There was some variation of w with lateral po-
sition (y/D), seen as scatter in figure 1, but no dis-
cernible trend. The reference velocity ug was 0.47 m/s;
and the depth-averaged turbulence intensity in the
empty tunnel was I ~ 10% at the rotor location,
decaying to ~8% 3 m further downstream.

2.2 Tandem rotors

The second data-set was collected by Mycek et al. [21,
22] at the IFREMER (French Research Institute for
Exploitation of the Sea) wave and current flume tank.

The rotor diameter was D=0.7 m, and the incident
flow velocity was 0.8 m/s, giving a Reynolds number
of 5.6x10°, well above the threshold of 9.3x10* for
Reynolds independent wake behaviour|[23].

Both single and tandem rotor configurations were
tested, using both the normal flume configuration
(uo=0.80m/s, I=3%) and with the flow condition-
ing honeycombs removed (up=0.83m/s, I=15%). The
tunnel test section was 18 m long, 2m wide and the
water depth was 1 m. For the tandem rotor configu-
rations, the rotors were separated axially by distances
of 2D to 12D.

The model turbines were suspended into the wa-
ter at mid-depth. The rotor was driven by a speed-
controlled motor, with a torque cell. A load cell lo-
cated above the water surface measured the total axial
load acting on the rotor and its supporting structures.

The wake was measured with a traversing Laser
Doppler Velocimeter, which measured the instanta-
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neous stream-wise (u) and transverse (v) velocity
components. Since the wake measurements did not
include the vertical velocity components (w), it was
not possible to compute k without assuming the mag-
nitudes of w and w'w’. Fortunately, when the wa-
ter tunnel inflow was characterized, all three velocity
components were measured, and both Iop and I were
reported, defined as:

2 177, 7T
2k s(uw'u' +v'v")
3 2
I= i Ihpp="—"————— (3)
|u| ul

Defining the ratio v = I/I3p it is then possible to
calculate k£ only using measured quantities:

k= S + o) (4)

The value of v was 0.87 for the 3% intensity inflow,
and 1.08 for the 15% turbulence inflow. For compar-
ing the experimentally measured k to the numerical
simulations, v was assumed constant throughout the
rotor wake. Through not completely accurate, this is
considered the best estimate given the available data.

3 Methodology

The simulation methodology was very similar to
that presented by [15]. The simulations used the
steady, incompressible, Reynolds-averaged Navier
Stokes (RANS) equations, expressed below using ten-
sor notation,;

0
_Ou; 0 DOij s S
[ 5, ~ B +2vS;; —wjuj | + p (6)

where u; is the velocity, p is the pressure, x; is the
spatial co-ordinate, v is the fluid kinematic viscosity
and p is the density. The overline indicates Reynolds-
averaged quantities, while the prime represents fluc-
tuating quantities. The dirac function, d;;=1 for
i=j and equals zero otherwise. Sjs; is a Reynolds-
averaged momentum-source term, used to impose the
rotor forces on the flow. The term S;; is the mean
rate-of-strain tensor defined by:

. 1 /0w, 8ﬂj
Si"z(axj +8xi) @

3.1 The k-w SST turbulence closure

The Reynolds stresses uju; are determined using a
turbulence closure model. The SST model is given by
Menter [17]. The transport equations for turbulent
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kinetic energy k and the specific dissipation rate w
are:

ook, _ 0. LA
or, oz, [(M+Ukut) ij] + Py — B'pkw + Sy
(8)
Opwu; 0 Ow
=y o) 3] + L=
200, Ok O
+(1- )2 2 4S5, (9)

w 81'] axj

where sz,thSijSijg is the production of k£ due to
shear, which is limited by Py=min (P, 10p’pkw) to
prevent excessive production in stagnation regions.
The coefficient f’=0.09, and the other model con-
stants (o, B, ok, 0,) are obtained by blending be-
tween constants derived for the standard k-w model
(t1=5/9, $1=3/40, 01,1=0.85, 0,1=1/2) and a trans-
formed version of the k- model (0a=0.44, 2=0.0828,
or2=1, 0,2=0.856) using the general form o =¢1 F1+
¢2(1 — Fy), where F} is a blending function given by:

4
Fy = tanh min [ max vk 500 4pouk
e B'wy’ wy? |’ CDpuy?

(10)
2p0w2 Ok Ow 0_10> (11)

w Oz, 0z,
where y is the distance to the nearest no-slip wall
boundary. This function is designed such that the k-
w model coefficients are used inside the logarithmic
portion of any boundary layers in the flow, whereas
the k-e coefficients are used elsewhere.

This blending approach was developed by Menter
[24] to alleviate a sensitivity in the k-w model, of
the eddy viscosity to the prescribed value of w for
turbulence-free free stream conditions, by blending
with the k- model.

As discussed by [25], two equation turbulence mod-
els tend to over predict the eddy viscosity in adverse-
pressure-gradient flows where the production of k can
be significantly larger than the dissipation rate. To
overcome this deficiency, Menter [17] presented the
following eddy viscosity formulation known as the
SST limiter:

CDg = max (

_ alpk
ft max (alw,FQ\/QSijSij)

which limits the eddy viscosity in regions with high
turbulence production. The constant a; has the value
0.31, and F3 is a second blending function:

2
Fy = tanh (max l vk , 500;)] (13)

(12)
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Figure 2: Flow velocities and forces acting on the
blade. (u,,ug)-axial and tangential velocity compo-
nents, r-radial co-ordinate, Q2-rotor angular speed, (-
blade twist angle, a-angle-of-attack, ¢-inflow angle,
(1, d)- lift and drag (per-unit-span)

3.2 Rotor Forces

The blade lift and drag forces were imposed using the
momentum source term Syg; in equation 6, within a
sub-domain representing the swept area of the rotor.
This sub-domain is referred to as the actuator disk
and had the same diameter as the turbines, and a
thickness of 1/10%" of the diameter. The momentum
sources for each rotor were specified by using blade-
element (BE) equations based-on the local flow field
and tabulated lift and drag coefficients;

|l = Velthlpcl, d= e1CCd (14)

Fiip = %arCCOS (exp (m)> 1

where Vo is the flow velocity relative to the rotor
blade, c is the chord length, B is the number of blades,
R is the rotor radius and r is the local radial coor-
dinate. The relative flow velocities and angles are
depicted in figure 2. The term Fy;, is the standard
Prandtl tip-loss factor (published in [26] for example).
Such correction is necessary because the AD approach
does not resolve the tip-vortices and thus tends to
over-predict the lift near the blade tips.

The lift and drag are rotated into the rotor’s cylin-
drical coordinate system to obtain axial and tangen-
tial force components.

fo=1lcosp+dsing, fo=Ising—dcos¢ (16)

Time-averaging the blade force over a full revolution

91)2 js done by assuming a constant rotational speed 2, in
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a manner similar to [3] to obtain the source terms:

Bfa: s Bf@

SN —
Mz 2mrA,’ Mo 2mrA,

(17)

which define a force-per-unit-volume, and the term
A, is the finite thickness of the actuator disk.

3.2.1 Model tuning for low Re

The lift and drag coefficients must be known a priori
when using the present AD method. For full-scale
rotors this is usually not problematic because the vari-
ation of ¢; and ¢4 with o and Re. has been determined
experimentally for a wide variety of airfoils at high Re.
However, for scaled rotors, Re. is often on the order
1x10°, for which ¢; and ¢y are strongly dependent on
Re.. This is problematic, because most airfoil data
have been collected for higher Reynolds numbers, not
covering the range typically pertaining to scaled-rotor
experiments.

For the experiments by Stallard et. al., which em-
ployed the Gottingen 804 airfoil, lift and drag co-
efficient data were available ([27]) for the Reynolds
numbers used in the experiments, and the rotor forces
prescribed by equations 14 to 17 gave good predic-
tions of the rotor thrust and power. However the
experiments by Mycek et. al. used a NACA 63-418
airfoil, for which ¢; and ¢4 have only been published at
Re.={3,6,9}x10° [28], compared to approximately
1x10° encountered in the experiments. At this Re,
airfoil performance is sensitive to Reynolds number,
turbulence intensity and surface roughness, due to
the complex transition of the boundary layer from
laminar to turbulent. Such behaviour is difficult to
model accurately, even with very high resolution CFD
simulations. Due to these sensitivities, the available
airfoil coefficients were not suitable. This made it
necessary to modify the momentum source terms in
equation 17 to:

Sn, = A (18)

“aera,’ M0 Aona,
where A, and Ay are coefficients which were auto-
matically tuned as part of the CFD convergence pro-
cess to match the simulation results to the experi-
mentally measured thrust (including rotor thrust and
drag acting on the structural components) and power.
This approach maintained a reasonable distribution
of rotor loading with radial position (via eq. 14), but
ensured that the total thrust and power matched the
experiments. This method isolated errors associated
with the turbulence modelling from errors associated
with inappropriate airfoil performance curves.
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3.3 Production augmentation model
for vortex-breakdown

In the AD methodology, the discrete vortices trailed
from the turbine blades (particularly the tip vortices)
cannot be resolved. Thus, the AD approach inher-
ently neglects the production of k associated with the
presence of trailed vortices, which are not represented
in the simulations, but nonetheless do contribute to
the generation of turbulent energy.

The simulations do resolve a shear layer separating
the wake from the surrounding flow, and the unre-
solved tip vortices are spatially located within this
shear layer. The resolved shear layer produces turbu-
lent kinetic energy through the Py term in equation 8,
but this production is too small because it lacks the
large shear stresses produced by the unresolved vor-
tices. Therefore it is proposed to augment the produc-
tion term Pj in the near-wake region to compensate,
by adding the following source to the k equation:

Sk = G Py (19)

In principle, Sk should be applied within a region cor-
responding to the break-down of the tip vortices into
small-scale turbulence. A simple model is here pro-
posed to define Si. First, S is only applied within the
radial limit {r<v/2R} (corresponding to the optimal
analytical solution of the wake expanding to twice the
area of the rotor). Second, the streamwise limit over
which Sy, is applied is defined as {zo<Dx<(xo+ L)},
where xg and L, may vary between differing test
cases.

The strategy taken herein was to manually fine-
tune the values of (i, ¢ and L, for a subset of the
available validation cases, then determine appropri-
ate curve-fits to define a generalized model for each
parameter. This model development subset consisted
of three cases; a three rotor case with 10% turbulence
intensity from the data of Stallard et. al., and two
single-rotor cases (in 3% and 15% turbulence inten-
sity) from the data of Mycek et. al..

The distance downstream of the rotor where vortex
breakdown occurs is expected to depend primarily
on the streamwise velocity (@), an appropriate length
scale (taken here to be the diameter D), and the in-
fluence of turbulent fluctuations (defined by & and
w in the context of the SST model) in the incident
flow. Using these parameters, the non-dimensional
group “’Z“’ can be composed. Considering the defi-
nition of eddy viscosity for the standard k-w model
(i.e. v = k/w ) the above non dimensional group can
be considered as a turbulent Reynolds number, Rey,
which uses the eddy viscosity, instead of the molecu-
lar viscosity. Thus, Re; was considered as a suitable
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predictor for the values of (;, o and L,. Note that
instead of using a local value of Re;, more robust
results were obtained by using the volume-averaged
value of Re; over the actuator disk sub-domain from
40% to 80% of the blade span,* denoted as Rey. The
determined curve-fits were as follows:

{D (1400Re; 2 — 150Re} ~' +4.5) Re; > 20
Xo =

0.5D Re; < 20
(20)
L, =2D (21)
Gk = 0.9+ 19Re; (22)

which were determined with Re} values ranging from
16 to 300.

It is possible to estimate an approximate range of
Re; in tidal channels considering analytical formulae
defining a neutrally stratified logarithmic boundary
layer [29]:

2
u* u*

w =
o4 3 B Trz
and considering the definition of turbulence intensity
I (eq. 2), then the turbulent Reynolds number in a
neutral log-layer can be written as:

k= (23)

D 2D
RetzimT
K %Iz z

(24)

where K = 0.41 is the von Karman constant and z
is the hub height above the seabed. Given a turbine
with diameter 20 m at a hub height of 30 m, and a flow
with 10% intensity, Re; would be roughly 13, which
is below the range employed in the present study. It
may be that an alternate predictor variable will need
to be chosen to scale the model to full size rotors, or
future experiments may need to be run to expand the
range of tested Re;.

Note that in the present implementation, for tan-
dem rotor configurations, the production augmenta-
tion zone of an upstream rotor is limited to the region
upstream of the next rotor.

3.4 Boundary Conditions and Mesh

The simulation domain was the entire tunnel test sec-
tion. Constant values for @, k and ¢ were set at the
inlet, which were tuned to match the experimental
‘inflow’ velocity and turbulence intensity, which, for
both experimental campaigns, were measured slightly
upstream of the model turbines. The resulting profile

4Using the region from 40% to 80% span makes the approach
more robust by eliminating sensitivities to grid resolution in the
nacelle boundary layer and strong shear layer at the blade tip.

5" International Conference on Ocean Energy, 4 November, Halifax

for Stallard’s experiment is shown in figure 1. The
structural components of the turbine models were re-
solved by the mesh. The tunnel walls and surfaces of
the structural components used a smooth-wall no-slip
condition and employed the ‘automatic’ wall treat-
ment provided by CFX [30], which uses wall functions
to compute the wall shear stress and an analytical
solution to set the value of w. A typical pressure
outlet condition was used. The water free-surface was
modelled as a rigid lid (no surface deformation) using
a free-slip wall.

The mesh was generated using a similar topology
and spacings (relative to the rotor diameter) as the
‘mesh B’ from [15], which was shown to provide grid
independent solutions of both turbine performance
and wake recovery. The mesh used 4 elements span-
ning the actuator disk thickness, 48 elements across
its diameter, and 72 elements azimuthally (5° seg-
ments). The element sizes were not uniform, and
the mesh was refined to provide good resolution of
the boundary layer on the hub and tower, and of the
strong shear layer at the edge of the actuator disk.

4 Wake Validation

The velocity and turbulence levels in the rotor wakes
are compared to experimental data in this section.
Results are first presented for the case of three ro-
tors in a side-by-side configuration, and then for the
tandem rotor cases.

4.1 Results for side-by-side rotors

Figures 3, and 4 show the streamwise velocity and
turbulence intensity in the wake for the three-rotor
side-by-side configuration. The simulations using the
standard k-e turbulence model are shown as a base-
line. As reported by many previous studies, the stan-
dard k- model predicts much faster wake recovery
than the experimental data. It also fails to predict
the distinct peeks in the turbulence intensity located
at the edges of the wake. The SST turbulence model
improves the prediction of the wake velocity profiles,
but somewhat overcompensates, resulting in slightly
too slow wake recovery. The SST model predicts a
better spatial pattern of turbulence intensity in the
wake, but the intensity is too low. Incorporating
the Sy term to account for the generation of k by
the unresolved tip vortices improves the prediction
of turbulence intensity in the wake, and gives good
predictions of the wake velocity profiles. For this case,
the turbulent Reynolds number was Re;=37, giving
x0=1.45D, (r=1.4 (similar values for all 3 rotors).
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Good results were expected for this case because it
was used for developing the curve-fits for xg and (.

4.2 Results for Tandem Rotor Cases

Figures 5 to 6 show results for low ambient turbulence
(3%) for the tandem rotor cases from the experiments,
with the rotors separated by 4D and 6D. Results from
the standard k-w model are shown as a baseline. As,
expected, the standard k-w model significantly over
predicts the wake recovery rate. The SST model im-
proves the prediction of the wake recovery, showing
very good results for the case with 4D separation be-
tween rotors (figure 5), but slightly worse predictions
for 6D (figure 6). Using the Sy model improved the
predictions of k in the wake for both 4D and 6D sep-
aration distances. The match to experimental data is
very good for the 6D case, while for the 4D case it is
apparent that S; could have been applied closer to the
rotor to achieve better results. These cases validate
the Sy model for the scenario of a rotor directly in the
wake of an upstream rotor.

Figures 7 and 8 show results for high ambient tur-
bulence (15%) for two-rotor arrays, with the rotors
separated by 4D and 6D, respectively. For this high
turbulence scenario, the baseline k-w model over pre-
dicts the wake recovery, but not as severely as for the
low turbulence cases. The k-w model also misrepre-
sents the shape of the wake, predicting a very nar-
row wake, and grossly under predicts the turbulence
intensity. The SST model improves the wake shape
somewhat, but under predicts the velocity recovery
and the turbulence intensity. Including the S model
improves the prediction of turbulence intensity. It
also improves the velocity predictions downstream of
3D, but causes the wake to recover too much between
1D and 2D. Overall, the SST+.S; model gives the best
match to the experiments.

Note that for the high turbulence cases, the flow
was less controlled because the flow conditioning hon-
eycombs were removed from the tunnel. This likely
explains the asymmetry in the velocity and turbu-
lence profiles. It may also explain why the turbulence
decays faster in the simulations than in the tunnel,
since it is likely that the tunnel flow contained flow
features (i.e. secondary flows) which produced tur-
bulence through shear. In any case, it was naturally
more difficult to achieve a good match between exper-
iment and simulation for the high turbulence cases.
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5 Discussion & Future Work

This paper has presented a novel turbulence mod-
elling approach for use with actuator disk simulations
of tidal (or wind) turbines. It is a well known prob-
lem that standard RANS turbulence models do not
provide good predictions of turbine wakes. Accu-
rate wake prediction is vital for simulations of tur-
bine farms, where wake interactions can alter turbine
performance significantly. There have been several
studies investigating modifications to improve wake
predictions by altering the eddy viscosity. This paper
found that the SST eddy viscosity limiter is suitable
for this purpose.

In addition, this paper argues that the AD method
inherently neglects the discrete vortices trailed from
the blades (particularly the tip vortices), instead re-
solving a shear layer at the edge of the wake. The tur-
bulence production resolved by AD simulations there-
fore only contains a component due to shear in the
Reynolds averaged flow, but lacks production arising
from the strong shear layers caused by the tip vor-
tices, and also lacks the generation of turbulence from
vortex breakdown. Thus, it is proposed to augment
the turbulence production term in the turbine near-
wake. This paper presents a simple model to prescribe
such augmentation, which has been tuned through
comparison to experimental data. The model was
found to provide very good predictions of the velocity
and turbulence intensity in turbine wakes from scaled
rotor experiments. The validation data-set (which
was not used for tuning the model) included scenarios
with two rotors in a tandem configuration, separated
by 4D and 6D, and in flows with ambient turbulence
intensities of 3% and 15%.

Thus far, the proposed approach, which involves
the SST turbulence model, combined with the turbu-
lence production augmentation model, has been vali-
dated using lab-scale experimental data. The choice
to use lab-scale data was taken because of the greater
spatial density of data, lower uncertainty, and better
flow characterization possible compared to full-scale
field data. Presently, the authors are not aware of
any field-scale tidal turbine data-sets which could be
used to validate the model, however there are sev-
eral suitable studies from wind farms. Future testing
with field data will be necessary to fully validate the
method. More work is needed to asses the appli-
cability of the proposed approach in the context of
full-scale ABL flows and tidal channel boundary lay-
ers. Finally, the presented simulations in this study
explicitly resolved the structural components of the
turbine models (i.e. the hub and tower) which some-
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the experiments by Stallard et al.



@ 1C0E

NOVEMBER 4-6, 2014
lifax, N da

5" International Conference on Ocean Energy, 4 November, Halifax

1.0 1.0 1.0
Normalized velocity u/ug

1.5

1.0
0.5
— 0.0
=
-0.5
-1.0
-1.5

0 10 0 10 0 10 0 10 0 10
Normalized turbulent kinetic energy 1004/ %k/uo

Figure 5: Profiles of normalized v and k for 3% inflow intensity. Profiles are downstream of the second rotor in a

twin rotor configuration with stream-wise separation of 4D.

1.0 1.0 1.0
Normalized velocity u/ug

[
I
i
L

0 10 0 10 0 10
Normalized turbulent kinetic energy 100,/ %k Jup

Figure 6: As figure 5, but with stream-wise separation of 6D between rotors. (I=3%)
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what undermined the value of using the AD approach,
since its purpose is to allow coarse mesh resolution
and fast simulations. Thus, future work will also fo-

cus on developing methods to represent the structural
components with coarser meshes.
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